Forest fragmentation affects the heterogeneity of accumulated fuels by increasing the diversity of forest types and by increasing forest edges. This heterogeneity has implications in how we manage fuels, fire, and forests. Understanding the relative importance of fragmentation on woody biomass within a single climatic regime, and along climatic gradients, will improve our ability to manage forest fuels and predict fire behavior. In this study we assessed forest fuel characteristics in stands of differing moisture, i.e., dry and moist forests, structure, i.e., open canopy (typically younger) vs. closed canopy (typically older) stands, and size, i.e., small (10-14 ha), medium (33 to 60 ha), and large (100-240 ha) along a climatic gradient of boreal, temperate, and tropical forests. We measured duff, litter, fine and coarse woody debris, standing dead, and live biomass in a series of plots along a transect from outside the forest edge to the fragment interior. The goal was to determine how forest structure and fuel characteristics varied along this transect and whether this variation differed with temperature, moisture, structure, and fragment size. We found nonlinear relationships of coarse woody debris, fine woody debris, standing dead and live tree biomass with mean annual median temperature. Biomass for these variables was greatest in temperate sites. Forest floor fuels (duff and litter) had a linear relationship with temperature and biomass was greatest in boreal sites. In a five-way multivariate analysis of variance we found that temperature, moisture, and age/structure had significant effects on forest floor fuels, downed woody debris, and live tree biomass. Fragment size had an effect on forest floor fuels and live tree biomass. Distance from forest edge had significant effects for only a few subgroups sampled. With some exceptions edges were not distinguishable from interiors in terms of fuels.
INTRODUCTION
North American landscapes are a dynamic matrix of vegetation cover affected by human activity and natural disturbances (1) . Human activity includes centuries of agricultural clearing and logging, agricultural abandonment and forest regeneration, and more recently, population expansion and urban sprawl. Fire, drought, disease, insects, and windstorms are large-scale natural disturbances that affect the matrix of vegetation in North America. In this context, fire both controls and responds to patterns of vegetation cover through mutual feedbacks (2) . One consequence of natural and human induced dynamics is that the composition and structure of forests, i.e., characteristics such as tree heights and diameters, the quantity and quality of live and dead wood in the forests, the structural and functional characteristics of the forest floor and canopy, and the species composition and biodiversity are spatially variable and difficult to predict across a landscape. Thus, landscape fragmentation creates a complex environment in which to manage forests. Not only do the forest and nonforest components of a landscape add heterogeneity to the matrix, forested fragments themselves can increase heterogeneity due to edge effects (3, 4) .
Over 40% of the forests in the continental US are located within 90 m of a non-forest edge (5) . Fragments created by clearcuts and subsequent forest regeneration differ from continuous forest in that they increase the percentage of fragment edges relative to total forest cover and alter the proximity and connectivity of fragments (6) . The amount of forest edge is important in two ways: i) edge structure potentially differs from center structure due to differing environmental conditions and ii) edges provide an interface between nonforest and forest conditions that may increase the permeability of abiotic (e.g., light, wind, fire) and biotic (e.g., indigenous and invasive species) components to forest fragment interiors (4) . Edge structure may differ from fragment centers in terms of susceptibility to fire (7) and tree mortality (8) , and edge area can exceed core area in fragmented forests (6) . Edge structure (open vs. closed canopies) significantly affects fragment microclimate (9) . The effects of fragmentation on productivity, mortality, and decomposition in forests may vary with fragment size, forest type, climate and the surrounding landscape matrix (3).
Fragmentation and Fuels
Understanding the interaction between fire, woody biomass, and fragmented landscapes is important for managing wildfire and wildlands because fragmentation and fire are intricately linked. In addition, fragmentation can affect fuel accumulation, increase the spatial variability of fuel loads, and affect the susceptibility of forests to fire. Fuel, or the distribution of carbon in forests, is a key element in determining fire behavior and is the only component of the fire behavior triangle (fuel, topography, weather) that can be effectively managed. Little is known about how fuel loads vary within and between fragments. Although fire potential can be evaluated using climatic and fuel load variables, estimating fuel loads using readily available remote sensing techniques is difficult at best (10) . Empirical data on the ecology of fragments suggest that forest composition, structure, and fuel loads are strongly related to the morphology of fragments (area, shape, and perimeter) (9) . Remote sensing and field analyses of fragment fuel loads and spatial distributions can lead to better spatial prediction of fuel loads.
Fragmentation can affect fire frequency, increasing the length of the fire cycle in temperate regions (11) and increasing fire susceptibility in tropical regions (2, 12, 13) . This is primarily due to alteration of fuel load patterns. Forest fragmentation can affect the heterogeneity of accumulated fuels in forest wildlands by increasing the diversity of forest types and ages, and by increasing forest edges, which may differ from core areas in composition and structure. This heterogeneity has implications in how we manage fuels, fire, and forests. Understanding the relative importance of fragmentation on variation in fuel loading within a single climatic regime, and the variation in this relationship along climatic gradients, will improve our ability to manage forest fuel load and predict fire behavior in increasingly fragmented forest landscapes. This study represents a comprehensive approach to gaining this understanding in that it analyzes landscapes from tropical to boreal climates, analyzes patterns within fragments and landscapes, and investigates mechanisms controlling fuel load.
In this study we assessed a variety of forest fuel characteristics in forest stands of differing moisture, i.e., dry and moist forests, structure, i.e., open canopy (typically younger) vs. closed canopy (typically older) stands, and size categories, i.e., small (10-14 ha), medium (33 to 60 ha), and large (100-240 ha) along a climatic gradient of boreal, temperate, and tropical climatic zones. In each of these forest types we sampled fragments in a series of plots along a transect running from outside the forest edge to the fragment interior. The goal was to determine how the forest structure and fuel characteristics varied along this transect and whether this variation differed with climate, moisture, structure, and fragment size. Our goal was to examine the relationships between these characteristics and specific fuels attributes, including loadings of fine woody debris (FWD) and coarse woody debris (CWD), standing dead wood, duff and litter layers, canopy height and cover characteristics, and live biomass in order to provide information for modeling fuel loads in fragmented forest landscapes.
METHODS

Field Sampling
We established transects crossing from non forest areas, perpendicular to forest edges, and into forest fragment interiors, in a set of moist and dry, open and closed canopy, and small, medium, and large fragments in boreal, temperate, and tropical landscapes in North America (Fig. 1) . We sampled evergreen coniferous forests in the boreal and temperate climatic zones, and broadleaf evergreen and semideciduous forests in the tropical climatic zone-see Gonza´lez et al. (14) for detailed description of sites. These forest types are representative of a large part of western and northern North America and the Caribbean. The sites represent a range of managed and unmanaged forests, with the temperate forests being more intensively managed for timber than the boreal or tropical sites. The climatic regions represent a gradient of both temperature and precipitation. Using the PRISM (30 year average) data layers (15, 16) , the boreal sites mean annual precipitation (MAP) is 407 mm, the temperate sites 922 mm, and the tropical sites 1688 mm. Mean annual median temperatures were À28C in the boreal sites, 6.38C in the temperate sites, and 25.68C in the tropical sites.
Within each of the three climatic regions we selected representative dry and moist forest types. The dry boreal sites are in central Alaska (MAP 360 mm) and the moist boreal sites are in northern Minnesota and the Alaskan Kenai peninsula (MAP 660 mm). The dry temperate sites are in eastern Washington State and southern Idaho (MAP 682 mm) and the moist temperate sites are in northern Idaho (MAP 1017 mm). The dry tropical sites are in southern and northeastern Puerto Rico along the coast (MAP 1328 mm). Most of these plots are within the Holdridge subtropical dry lifezone (17) although some occur in dry-moist transitional sites that are structurally and compositionally similar to subtropical dry forests (18) . The moist tropical sites were in the central and northeastern lowlands of Puerto Rico (MAP 1992 mm) and within the Holdridge subtropical moist lifezone (17) .
Two structural or age classes were selected within each climatic region, an open and a closed canopy forest type. Three fragment size classes were selected based on field characterization and later classified and areas calculated using remote sensing software-see Meddens et al. (19) , and by photo interpretation of a subset of the fragments as a component of an associated decomposition experiment-see Gonza´lez et al. (14) . Overall mean fragment sizes were 104.5 ha (19.5 S.E.) for the large fragments, 23.1 ha (3.2 S.E.) for the medium fragments, and 10.9 ha (0.5 S.E.) for the small fragments.
Within these categories of climate, moisture, structure/age, and size we established a series of transects (n ¼ 720) to sample from outside the forest fragment, across the edge, and into the forest interior (Fig. 2 ). Transects were located at accessible sites along the fragment edges and field observations and aerial photography were used to confirm fragment forest type and size categories. Along each transect we established plots at 0, 10, 20, 40, and 60 m, with the forest boundary midway between 0 and 10 m (Fig. 2) . In this analysis we analyzed plots only within the forested positions (positions 2-5) at 5, 15, 35, and 55 meters from the forest edge, respectively. At each plot we measured CWD and FWD, species composition, tree heights, diameters, crown dimensions, percent canopy cover, number of saplings, percent cover of shrubs, herbaceous material, litter, and bare ground, and litter and duff depths. CWD and FWD were measured using a line intercept method (20) , and CWD and FWD biomass estimates were combined to determine downed woody debris (DWD) estimates in Mg ha
À1
. Coarse woody debris was measured along 30 m transects and CWD diameters were measured and decay class estimated in one of five classes as CWD intersected the transect. Volume to mass conversions used values from Harmon and Sexton (20) for ''unknown decay resistant species'' for decay classes 1-5. Fine woody debris was sampled in 3 classes: FWD1: 0.25 to 0.6 cm, FWD2: 0.61 to 2.5 cm, and FWD3: 2.51 to 7.6 cm. These were tallied as they intersected transects of 3 m, 3 m, and 6 m respectively per plot. Tallies of FWD were converted to biomass following Harmon and Sexton (20) . Tree basal area was sampled using variable plots and basal area prisms. Tallied trees were identified to species and measured for dbh, height, height to crown, and crown width in two perpendicular directions. Snags were tallied similarly except for crown characteristics. Trees per hectare and biomass/ha were determined by assessing the relationship between basal area as estimated by the BAF prisms and the true basal area of a tree following a suggestion of Harmon and Sexton (20) and allometric equations of Scatena et al. (21) . Litter and duff biomass were calculated from field measures of depth following Brown (22) .
Statistical Analyses
Data were tested for homogeneity of variance by using Levene's test of equality of error variances, and skewness (23) . A 5-way multivariate analysis of variance (MANOVA) was performed to determine the effect of climate (boreal, temperate, tropical), moisture (dry and moist forests), stand structure (open/young and closed/older), forest fragment size (small, medium, and large), and position along the forest edge gradient/transect (5, 15, 35 , and 55 m from edge) on the forest floor biomass (litter and duff), DWD biomass, and live tree biomass. In addition, analyses of variance (ANOVA) were used to determine the effect of distance from forest edge (position) within climatic regions and among fragment sizes and structure, on structural, non living, and live fuels variables. Student-Newman-Keuls (SNK) tests were used to compare group means.
Edge effects: A significant effect of ''position'' indicated either significant differences between edge and interior plots, with a variable being either higher (") or lower (#) as indicated in the results. Alternatively, the effect of position may indicate interior plots differing among themselves rather than indicating a clear cut edge effect. This situation is indicated as ''mixed'' (X) edge effects in the results. We performed linear and quadratic regressions on forest floor biomass (litter þ duff), CWD, FWD, standing dead biomass (snags) and aboveground live tree biomass with mean annual median temperatures using all plots (n ¼ 2529). Statistical analyses were performed using SPSS 16.0 (23).
RESULTS
Regression Analyses
We found a linear relationship of forest floor biomass (litter and duff combined) with mean annual median temperature (adj. 
Forest floor fuels were higher in the cooler climates. CWD, FWD, standing dead trees, and aboveground live tree biomass all showed nonlinear relationships with temperature. CWD had the strongest relationship (adj. R 2 ¼ 0.343, p ¼ 0.000) with a peak at approximately 108C median annual temperature. FWD had a weaker relationship (adj. R 2 ¼ 0.117, p ¼ 0.000) and peaked at moderately warmer temperature. Standing dead tree (snag) biomass was greatest in the temperate region, as was live tree biomass (adj. R 2 ¼ 0.103 and 0.251 respectively, p ¼ 0.000) (Fig. 3 ).
Forest Structure and Fuels
We found significant effects of climate, moisture, structure, and fragment size on duff and litter biomass, DWD, and live tree biomass (Table 1) . Canopy cover and mean tree dbh increased from boreal to tropical sites while mean tree height and basal area were greatest in temperate sites and least in tropical sites. The number of trees per hectare was significantly lower in temperate sites relative to boreal or tropical sites (Table 2 ). Fine woody debris was significantly greater in temperate sites, followed by tropical and then boreal sites (Table 2) . Total DWD was greatest in temperate sites but did not differ between boreal and tropical sites ( Table 2) . Litter biomass increased from boreal to tropical sites and duff biomass decreased along the same climatic gradient and total forest floor biomass followed the same pattern ( Table 2 ). The duff layer was the most significant fuel category in terms of biomass in the boreal sites, while CWD and snags were the most significant in the temperate sites. Fuels were more evenly spread among classes in the tropical sites but FWD class 3 (100 hour fuels) were relatively the most important (Table 2 ). Table 1 . Results from a five-way MANOVA for the effects of climate (C), moisture (M), forest age /structure (A), fragment size (S), and distance from edge or position (P) on the total biomass of duff and litter in the forest floor (Mg ha À1 ), total fine and coarse woody debris (Mg ha À1 ), and live tree aboveground biomass (Mg ha À1 ). Results not shown were not significant. Significance at a ¼ 0.05 is indicated in bold, N ¼ 2454. 
Live tree biomass was significantly greater in temperate followed by boreal and tropical sites ( Table 2) . Live biomass was greater in moist vs. dry sites and closed/older vs. open/ younger forest stands in all biomes (Figs. 4, 5 ). Open forest stands were not significantly different in live biomass among boreal, temperate, and tropical sites (Fig. 5) . The relative distribution of dead fuels varied considerably among climates and was strongly controlled by moisture (Table 3 ). Boreal dry sites had the greatest component of duff layer biomass, while temperate moist sites had the greatest component of CWD and standing dead snags (Fig. 6 ). Fine woody debris was greatest in temperate moist sites but showed the least variability among biomes (Table 3, Fig. 6 ). Total live and dead aboveground biomass ranged from 53.9 Mg ha À1 in the tropical dry sites to Table 2 . Mean and standard deviation for climatic factors, structural characteristics, non living and living fuels for sites in boreal, temperate, and tropical environments. Statistical differences among means of each characteristic are given by letters. Edge effect is indicated as "or # if variable was significantly higher or lower respectively in edge position or as ''X'' if the effect of position was significant but with a mixed effect between edge and interior plots. Climatic factors were not tested for edge effect. 
Mg ha
À1 in the temperate moist sites. The greatest component of above ground biomass was the duff layer in the boreal dry sites and the live tree biomass in all other sites.
Closed canopy/older forests had significantly greater canopy cover, tree height, basal area, and mean tree dbh and fewer trees per hectare than open canopy/younger forests in boreal and temperate sites. Open and closed canopy forests were more similar in tropical sites but differed significantly in canopy cover and tree height (Table 4 ). In the temperate sites, closed canopy forests had significantly greater dead woody fuels in all categories except litter and FWD2, which did not differ by structure. Boreal forests had significantly greater amounts of FWD and forest floor biomass in closed sites than in open sites. Nearly all dead woody fuels and forest floor biomass were significantly different between temperate open and closed sites. In contrast, downed woody fuels were not significantly different between open and closed canopy sites in tropical forests, with the exception of slightly less litter and duff in closed canopy forest sites (Table 4) . Herbaceous cover and shrub cover were greater in open vs. closed canopy sites in temperate and tropical forests while herbaceous cover was greater in closed vs. open canopy forests (Table 4) .
Total dead woody debris was significantly greater in large fragments vs. medium and small fragments in the temperate and tropical sites. A similar but nonsignificant pattern was seen in the boreal sites. Smaller fragments had higher live tree biomass than large fragments in the boreal and temperate sites (Table 5) .
Edge Effects
While no consistent edge effects were seen that crossed all climate, moisture, or structural categories, we saw a number of edge effects within subcategories. In terms of canopy cover, no differences related to position were seen in the boreal sites and the temperate and tropical sites had mixed effects, with a consistent drop in canopy cover at the most interior position (Table 2, Fig. 7a ). Tree heights and basal area showed similar mixed effects in the tropical sites. Tree biomass showed mixed effects in the tropical sites (Fig. 7b) while the percent of herbaceous cover was significantly greater in the edge vs. interior plots (Table 2, Fig. 7c ). Moist temperate sites showed the same pattern as temperate sites (moist and dry combined), with mixed effects related to position. Tropical moist sites showed an increase in canopy cover and a decrease in basal area at forest edges, with mixed effects of tree height and tree biomass (Table 3) . Temperate open forest sites showed greater canopy cover at forest edges, while tropical open sites showed mixed effects. Tropical closed forest sites showed mixed effects of canopy height, basal area, number of tree stems, total DWD, total dead wood (Fig. 7d) , and tree biomass (Table 4) . Little edge effect was related to fragment size aside from a mixed effect of position in small temperate fragments (Table 5) .
DISCUSSION
The goal of this study was to look at the relationship between forest structural characteristics, woody debris fuels, and forest fragmentation. We assessed the relative value of structural and fuels variables and distance from forest edge in a wide range of forest fragment types to better understand the variability and type of fuels associated with various components of a fragmented landscape. To do that we assessed forest fuel Table 5 . characteristics in forest stands of differing moisture, i.e., dry and moist forests, structure, i.e., open (typically younger) vs. closed (typically older) canopy stands, and size categories, i.e., small (10-14 ha), medium (33 to 60 ha), and large (100-240 ha) along a climatic gradient of boreal, temperate, and tropical sites. The landscapes we sampled have diverse variables controlling forest structure and biomass, as well as controls that vary nonlinearly across the gradients sampled. For example, the control of topography and aspect as it affects microclimate had a much stronger role in the temperate sites (mountainous) than the boreal sites (non mountainous) or the tropical sites. However, aspect is also an important control on forest structure in Puerto Rico but it is related more to wind and hurricane disturbance than to microclimate. The structure and function of boreal sites in Alaska are strongly influenced by permafrost conditions that do not exist at other sites in our study. Additionally, management varied widely across our sites. Temperate and boreal moist sites were highly managed for timber and fuels while the boreal dry and tropical sites were for the most part unmanaged. Finally, the woody debris and fuels characteristics we sampled are typically very spatially variable components of forest landscapes at fine scales. Nevertheless we attempted to sample enough sites with similar protocol to determine significant trends in forest woody biomass and fuels related to fragmentation under different scenarios of climate, moisture, and stand structure/age.
Temperature
Woodall and Liknes (24) , in an analysis of U.S. Department of Agriculture Forest Service Forest Inventory and Analysis (FIA) data, found a correlation of both CWD and FWD with latitude across the continental United States (20-508N. Lat.), with CWD increasing with latitude and FWD showing a similar but weaker relationship. We observed a nonlinear relationship between CWD and FWD with temperature (primarily governed by latitude -but with elevational controls as well). These carbon stocks were greatest in temperate regions and less in both tropical and boreal regions. Likely explanations are both abiotic and biotic as temperature is a predictor of productivity and both temperature and organisms have strong controls on decomposition rates (25) . We found greater mean values of CWD and FWD (15.2 and 12.3 Mg ha À1 respectively) vs. those of Woodall and Liknes (24)-calculated as 6.6 and 3.3 for CWD and FWD respectively. This may reflect the differences in the degree of forest closure represented by FIA data (as low as 10% tree cover) and this data set (mean canopy cover 72.5 6 26%). However, carbon pool estimates we report for sites in Puerto Rico closely match FIA estimates for Puerto Rico and the USVI (26) . We found a strong linear relationship of forest floor fuels with temperature. The duff layers in the boreal forest are a significant component of the fuel load and a very minimal component in the tropical sites-a function of higher decomposition rates of litter in tropical sites related to higher temperatures and organisms (25) . A priori we expected to see greater aboveground biomass in the tropical sites relative to temperate and boreal sites in this study but we saw a nonlinear relationship, with the highest values in the temperate sites. Our sites in the tropics reflect three characteristics that are important. They i) occur in an area of regular hurricanes, which strongly affect forest structure by reducing canopy cover and aboveground live biomass for some years after a hurricane (27) , ii) are in an area of primarily disturbed forests and secondary growth (28) , and iii) include tropical dry forests, typically with lower canopy heights and aboveground biomass than more humid tropical forests (29) .
Woodall and Liknes, in a further analysis of FIA data (30) , assessed climatic regions as indicators of carbon stocks in the continental US and suggest that this type of analysis may be useful in assessing carbon pools at the continental scale. We also assessed the structural and fuels data by comparing mean values among boreal, temperate, and tropical climatic regions and found significant differences in the means among many of the fuels characteristics. The results show similar trends to the regression analysis with temperature and lend support to the idea that this is a useful approach to quantifying continental scale variation in woody biomass. 
Moisture
A number of studies report significant differences in forest structure related to moisture (17, 31, 32 
Fragment Size
We selected a range of fragment sizes to test the idea that edge effect would be greater in large fragments, where edge environments could potentially have greater differences from interior environments. The smallest fragments may be virtually all edge and show no difference between edge and interior. Additionally the differing fragment sizes represent typical components of a fragmented landscape. We hypothesized that there may be differences in fuel loads related to fragment size. Laurance et al. (4) suggest that as fragment size decreases the relative amount of edge increases and characteristics of edges i.e. wind throw, tree mortality, species invasions, changes in abiotic conditions and decomposition become relatively more important. This would suggest effects of fragment size would show up in measures of fuels and forest structure attributes. We found greater amounts of total dead woody debris in large fragments vs. medium and small fragments which support this idea. We also found greater live tree biomass in small fragments in boreal and temperate sites. One explanation is that in managed landscapes, small fragments of old forest (with relatively high live tree biomass) may be maintained.
Edge Effects
Forest edges have been associated with gradients in a number of abiotic and biotic components (4, 37, 38) . Conflicting studies have reported greater amounts of DWD (39) and lesser amounts of DWD (40) associated with forest edges. The lack of significant edge effects on DWD in the majority of our fragment types was surprising but may be due in part to the variability in fuels distribution. One of the significant edge effects measured was higher degree of herbaceous cover, typically grasses, in the forest edges relative to the interiors. This herbaceous cover represents a fast drying, fast burning fuel that can serve to bring fire into forest edges where it has the potential to ignite woody fuels.
Conclusion
Fragmentation of landscapes creates edges. Edges represent the interface of heterogeneous landscape elements and are often very complex environments where organisms, energy, nutrients, and disturbances flow from one component to another. Fire is one such disturbance that often initiates on roadsides and grasslands and burns into forested areas. The behavior of fire at this interface is dependant in part on the carbon stocks and their distribution in forest edges and fragment interiors. In this study, we addressed the question of how fuels are distributed in different fragment types along a climatic gradient, whether there were edge effects related to fuels, and how they vary among fragment types. We found that i) relationships with climate and carbon stocks are nonlinear, a result of the balance of productivity and decomposition, regulated by temperature and influence by organisms, ii) moisture has strong controls on the amount of fuels in forest fragments, with higher fuel loads in moist versus dry temperate and tropical sites but the opposite relationship in boreal sites with high duff loads, iii) there was less variation among open/younger forest stands among boreal, temperate, and tropical sites than among closed/ older stands, iv) fragment size and edge effects on fuels are present but the variability inherent in fragmented landscapes makes generalizations difficult and effects vary with forest type.
